Background: The distinction between right-sided and left-sided colon cancer has recently received considerable attention due to differences regarding underlying genetic mutations. There is an ongoing debate if right-versus left-sided tumor location itself represents an independent prognostic factor. We aimed to investigate this question by using propensity score matching. Conclusions: This population-based analysis on stage I -III colon cancer provides evidence that the prognosis of localized right-sided colon cancer is better compared to left-sided colon cancer. This questions the paradigm from previous research claiming a worse survival in right-sided colon cancer patients.
Background
Colorectal cancer is one of the most commonly diagnosed cancers worldwide. The incidence is estimated to be 1.2 million per annum, and more than 600 000 patients die from this cancer every year [1, 2] , hence representing a relevant public health problem. Over the past years, the distinction between right-sided and left-sided colon cancer has been brought into focus due to several reasons: Recent studies have revealed an increased frequency of right-sided colon cancer over the past decade [3, 4] , which prompted the investigation for potential reasons of variation by anatomic sites. As shown by a recent systematic review, many publications pointed out several differences between right-sided and left-sided colon cancer regarding epidemiology, clinical presentation, pathology, and genetic mutations [5] . It has been shown that patients with right-sided colon cancer were older, more often female, had more advanced tumor stages, increased tumor sizes, more often poorly differentiated tumors, and different molecular biological tumor patterns [4, [6] [7] [8] [9] [10] [11] [12] [13] .
Data regarding prognosis in right-sided versus leftsided colon cancer are conflicting, and it remains a matter of great debate whether tumor location itself has a significant prognostic impact. The majority of studies demonstrated a poorer survival in right-sided compared to left-sided colon cancer [14] [15] [16] [17] [18] . In contrast to those data, Weiss et al. [19] found no overall difference in 5-year mortality between right-and left-sided colon cancer after adjusting for various variables.
The objective of the present population analysis of 91,416 colon cancer patients from the Surveillance, Epidemiology, and End Results (SEER) Program was to compare overall and cancer-specific survival between two large, virtually identical groups of patients with right-and left-sided colon cancer using propensity-score matching.
Methods

Cohort definition: surveillance, epidemiology, and end results
Data from the Surveillance, Epidemiology, and End Results (SEER) Program of the National Cancer Institute in the United States, covering approximately 28 % of cancer cases in the United States were used for the present population-based analysis [20] . SEER data were collected and reported using data items and codes as documented by the North American Association of Central Cancer Registries (NAACCR) [21] . Primary cancer site and histology were coded according to criteria in the third edition of the International Classification of Diseases for Oncology (ICD-O-3) and used to identify 246,390 patients with colon cancer diagnosed between 2004 and 2012 [22] . Patients with cancer of the cecum and ascending colon were accounted for right-sided colon cancer and patients with cancer of the descending or sigmoid colon were accounted for left-sided colon cancer. Patients with cancer on other or unknown location of the cancer were excluded. Figure 1 depicts the selection process leaving 51,937 patients with right-sided and 39,479 patients with left-sided colon cancer for analysis.
Statistical analysis
Statistical analyses were performed using the R statistical software (www.r-project.org). A two-sided p-value <0.05 was considered statistically significant. Chi-Square statistics were used to analyze proportions. After descriptive analysis, the impact of location of colon cancer (rightsided versus left-sided) on overall and cancer-specific survival was assessed by Cox regression analysis with and without risk-adjustment for tumor stage, T-stage, retrieval and positivity of regional lymph nodes, grading, histology, preoperative serum carcinoembryonic antigen (CEA), type of operation, year of diagnosis, age, gender, ethnicity, and marital status (risk set). Additionally, a backward variable selection procedure from the full Cox regression model based on the Akaike's information criterion was performed. The proportional hazard assumption was tested by scaled Schoenfeld residuals and by inspection of the hazard ratio (HR) plots [23] . The imbalances regarding prognostic factors between patients with right-sided and left-sided colon cancer were assessed by multivariable logistic regression. To further adjust for these differences in baseline characteristics and hence further minimizing bias, a propensity score matched analysis was performed as a further statistical method for adjustment [24] [25] [26] using the "MatchIt" R package [27] . The propensity score matching was performed as a full bipartite weighting matching procedure [28] with stratification for year of diagnosis and tumor stage. In this procedure, each patient with left-sided colon cancer was matched to all possible patients with right-sided colon cancer, forming subclasses and assigning weights such that within each subclass both groups have similar covariate values. Patients with right-sided colon cancer without a counterpart among the patients with left-sided colon cancer and vice versa were excluded from this analysis. A multivariable logistic regression conditional on the subgroups obtained by the matching procedure was performed to assess the persisting bias. Thereafter, overall and cancer-specific survival in patients with right-sided and left-sided colon cancer were assessed in a Cox regression analysis using the weights and strata obtained by the matching propensity score analysis. Finally, the propensity score matching procedure was repeated separately for stage I, II, and III colon cancer.
Results
Patient characteristics
For the present investigation 91,416 of 246,390 patients diagnosed with colon cancer between 2004 and 2012 were included (Fig. 1) stages, higher T-stages, had more regional lymph nodes retrieved, a higher grading, more often mucinous carcinomas, were more often Caucasian or African-American, were older, less often married, and were more often female (all P < 0.001).
Impact of cancer location on survival
The observed 5-year overall survival rate for patients with right-sided colon cancer was 65.1 % (95 % CI: 64.6 to 65.6 %) compared with 72.1 % (95 % CI: 71.5 to 72.6 %) for patients with left-sided colon cancer. The 5-year cancer-specific survival rate for patients with right-sided colon cancer was 79.8 % (95 % CI: 79.4 to 80.2 %) compared with 82.9 (95 % CI: 82.5 to 83.4 %) for patients with left-sided colon cancer (Fig. 2) . Table 2 depicts the prognostic value of cancer side and the other patient's characteristics on adjusted and unadjusted overall and cancer-specific mortality. In unadjusted analysis, rightsided colon cancer was associated with a significantly increased risk of overall mortality (hazard ratio of death [HR] = 1.32, 95 % CI: 1.29 to 1.36, P < 0.001) and cancerspecific mortality (HR = 1.26, 95 % CI: 1.21 to 1.30, P < 0.001). After multivariable adjustment, patients with right-sided colon cancer had a significantly worse overall (HR = 1.05, 95 % CI: 1.02 to 1.09, P < 0.001) but a similar cancer-specific survival (HR = 1.03, 95 % CI: 0.99 to 1.08, P = 0.156) compared to patients with left-sided colon cancer. A backward variable selection procedure from the full Cox regression model confirmed a significantly increased risk for overall (HR = 1.05, 95 % CI: 1.02 to 1.09, P < 0.001) but not for cancer-specific mortality.
Adjusting for patients characteristics with propensity score matching
To further assess whether the colon cancer location has an independent prognostic impact on survival, a bipartite propensity score matching analysis with stratification for stage and year of diagnosis was performed. The rationale for this analysis were the significant imbalances of baseline characteristics in multivariable logistic regression between patients with left-and right-sided colon cancer for all confounders (P < 0.001) except for the year of diagnosis (P = 0.285) and the marital status (P = 0.877, Table 3 ).
Before the matching procedure, the propensity score for patients with left-sided colon cancer was 0.346 ± 0.268 compared to 0.739 ± 0.220 in patients with right-sided colon cancer (P < 0.001), thus indicating a strong and clinically relevant bias regarding the observed patient and tumor characteristics in the two groups. After the matching procedure, the propensity score was virtually the same in the two groups (0.738 ± 0.220 compared to 0.739 ± 0.220, P = 0.622), thus indicating no persisting relevant bias regarding the observed characteristics in the two groups (Table 3) . Of the entire cohort, 1349 patients were excluded enabling a propensity score matching in the remaining 90,067 patients. In this cohort, the prognosis of right-sided colon cancer was slightly better compared to left-sided colon cancer regarding overall (HR = 0.92, 95 % CI: 0.89 to 0.94, P < 0.001) and cancer-specific mortality (HR = 0.90, 95 % CI: 0.87 − 0.93, P < 0.001). The 5-year overall survival rate for patients with right-sided colon cancer was 65. 
Stratified stage-wise analysis
Motivated by an unsuspected better survival in rightsided cancer, a propensity score matched analysis was performed for each stage individually confirming a better prognosis for stage I and II right-sided colon cancer (Fig. 3) . In the stage I subgroup, the prognosis of right -sided colon cancer was better regarding overall (HR = 0.89, 95 % CI: 0.84-0.94, P < 0.001)) and cancer-specific survival (HR = 0.71, 95 % CI: 0.64-0.79, P < 0.001)). In the stage II subgroup, the prognosis of right-sided colon cancer was better regarding overall (HR = 0.85, 95 % CI: 0.81-0.89, P < 0.001) and cancer-specific survival (HR = 0.75, 95 % CI: 0.70 to 0.80, P < 0.001). In the stage III subgroup, the prognosis of right-and left-sided colon cancer was similar regarding overall (HR = 0.99, 95 % CI: 0.95-1.03, P = 0.497) and cancer-specific survival (HR = 1.04, 95 % CI: 0.99-1.09, P = 0.129).
The overall five year survival rates for right-sided cancers in stage I, II, and III were 77.4 % (95 % CI: 76.6 to 78.2 %) 68.3 % (95 % CI: 67.6 to 69.1 %), and 53.3 % (95 % CI: 52.5 to 54.2 %) compared to 74.9 % (95 % CI: 74 to 75.8 %), 63.9 % (95 % CI: 63 to 64.8 %), and 52.9 % (95 % CI: 51.9 to 53.8 %) in left-sided carcinomas. The cancer-specific survival rates for right-sided cancers in (Fig. 3 ).
Discussion
Currently, data regarding the prognosis of right-sided versus left-sided colon cancer are conflicting, however, most studies revealed a poorer survival in right-sided primary tumor location [14] [15] [16] [17] [18] 29] . To our knowledge this is the first population-based, propensity score adjusted analysis investigating the prognostic impact of tumor location in non-metastatic colon cancer patients. Being aware of the conflicting data and also of the challenges to handle relevant bias due to substantial imbalances regarding baseline characteristics between right-and left-sided colon cancer patients, we have intentionally selected the propensity score matching as a further statistical method in addition to common multivariate analysis to minimize confounding. In the present analysis, the cohort was partitioned into subgroups containing one or more patients with right-sided colon cancer who were matched to one or more patients with left-sided colon cancer with similar values on the observed covariates in the risk set (bipartite matching). Hence, the main difference between the compared groups in propensity-score matching was the location of the colon cancer (left versus right). The advantage of the propensity score adjusted analysis over multivariate analysis becomes evident from varying results in our study, showing that multivariate analysis is obviously limited in adjusting factors in large retrospective population-based studies.
Based on a large collective of 91,416 patients with stage I -III colon cancer diagnosed between 2004 and 2012, this is the first study providing evidence that the prognosis of patients with right-sided colon cancer in the overall population of stage I -III is similar or even better after adjusting for a strong bias regarding various patient and tumor characteristics by the use of propensity score matching. We thus conclude that the differences in the prognosis between right-sided and left-sided colon cancer patients described in the scientific literature are not real but caused by differences regarding confounders that could not be completely adjusted for in multivariate regression analysis.
Our results differ from the findings published by Weiss et al. [19] demonstrating no 5-year overall survival difference between right-and left-sided colon cancer after adjusting for multiple variables. Weiss et al. [19] analyzed 53,801 colon cancer patients aged 65 years and older from the linked SEER-Medicare database between 1992 and 2005. Interestingly, they found that stage II right-sided colon cancer had lower mortality compared to patients with a left-sided tumor (HR 0.92; 95 % CI, 0.87-0.97, P = 0.001), while stage III right-sided colon cancer patients had higher mortality than those with left-sided colon cancer (HR, 1.12; 95 % CI, 1.06 to 1.18; P < 0.001) [19] . The present analysis differs from the study by Weiss and colleagues [19] regarding several issues: First, in our investigation patients were included if older than 18 years of age. The majority of patients with colon cancer are usually older persons, however, 37.4 % of all patients in our analysis were younger than 64 years. In our opinion it is key to include younger colon cancer patients as this is a subgroup, which has been shown to dramatically increase in the past decade [30] . Second, we used more recent data from 2004 to 2012 as opposed to the study by Weiss and colleagues (1992-2005) [19] . Finally, while the investigation by Weiss et al. [19] exclusively used conventional multivariable analysis to adjust for imbalances between patients with right -versus left-sided colon cancer, the present investigation used propensity score matching as an additional statistical tool in addition to multivariable analyses.
One limitation of the present study is the lack of information regarding microsatellite instability (MSI) in the SEER database. According to the literature, colon cancer with MSI have a better prognosis [31, 32] . Furthermore, the frequency of MSI is different between right-and left- [33] . Weiss et al. [19] argued that this difference might contribute to their results showing better prognosis of stage II right-sided cancers. Unfortunately, data on sporadic mismatch repair deficiency, germelinemutation prompted Lynch Syndrom, BRAF/KRAS/NRAS mutations, or any family history can not be ascertained from the SEER data. Hence, the fraction of patients with these specific subtypes of colon cancer -which are known to vary between the left and right colon side [13] -are unknown in the present study. However, due to the population-based nature of this analysis that mirrors the real US population with colon cancer, the lack of this information does not impact our results, albeit limits the extent of interpretation of our data. Fig. 3 Kaplan-Meier curves for overall and cancer-specific survival after stratified propensity score matching. Panels (a, c, and e) depict the overall survival and panels (b, d, and f) depict the cancer-specific survival for stage I (panels a and b), stage II (panels c and d), and stage III (panels e and f). The number of colon cancer patients at risk are given below each plot
Overall, the existing literature shows conflicting data regarding prognosis in right-sided vs. left-sided colon cancer. It is difficult to compare the available studies due to various differences, e.g. in study design and inclusion and exclusion criteria. Suboptimal adjusting of confounders seems to be the major difficulty to obtain a thorough analysis regarding the prognostic impact of tumor location, pointing out the strength of our study with further adjustment by propensity score matching. Our investigation provides evidence that right-sided tumour location itself is associated with improved prognosis compared to the left-sided colon cancer, mostly due to better prognosis in stage I and stage II patients.
We would like to acknowledge the limitations of the present study. First, information regarding chemotherapeutic treatments of patients can not be ascertained from the SEER data. Second, information on comorbidities, performance status and data regarding family history are also not available in the SEER database. To which extent these parameters might have influenced the analysis remains unclear. Third, while we did riskadjust for known confounders, potential bias due to unknown confounding cannot be excluded. Unobserved confounders represent a relevant limitation to the generalizability of the propensity score method. Finally, although propensity-score adjustment represents an additional, valuable statistical tool used in the present analyses, the results must be interpreted with some caution due to a fraction of unmatched patients.
Conclusions
This population-based propensity score adjusted analysis on stage I -III colon cancer provides evidence that the prognosis of patients with right-sided colon cancer is better compared to left-sided colon cancer mostly due to a better survival in stage I and stage II patients. This finding questions the paradigm of worse survival in right-sided colon cancer patients claimed by the majority of previous research. 
